The chemistry of carbon in aqueous fluids at extreme pressure and temperature conditions is of great importance to Earth's deep carbon cycle, which substantially affects the carbon budget at Earth's surface and global climate change. At ambient conditions, the concentration of carbonic acid in water is negligible, so aqueous carbonic acid was simply ignored in previous geochemical models. However, by applying extensive ab initio molecular dynamics simulations at pressure and temperature conditions similar to those in Earth's upper mantle, we found that carbonic acid can be the most abundant carbon species in aqueous CO 2 solutions at ∼10 GPa and 1000 K. The mole percent of carbonic acid in total dissolved carbon species increases with increasing pressure along an isotherm, while its mole percent decreases with increasing temperature along an isobar.
INTRODUCTION
The global carbon cycle is of great importance to Earth's climate, human's energy consumption, and sustainable development. Although a tremendous number of studies have focused on the carbon cycle in the atmosphere, oceans, and the shallow crust, less is known about the carbon cycle in Earth's deep interior [1] , which may host more than 90% of Earth's carbon [2] and also actively exchanges carbon with Earth's near-surface reservoirs through volcanism and subduction [3, 4] . In the deep carbon cycle, fluids containing water as a primary component play a key role in transporting carbon in the deep mantle and back to magmas in volcanoes and eventually to the atmosphere as carbon dioxide (CO 2 ) [3, 5] .
However, many basic questions about carbon-bearing aqueous fluids are poorly known; for example, what are the aqueous carbon species in the deep carbon cycle? A major obstacle to understanding deep carbon transport is the lack of knowledge of carbon reactions in water at the extreme conditions found in Earth's deep interior [6] .
Both pressure (P) and temperature (T) increase with increasing depth inside Earth.
For example, in the upper mantle, pressure can reach ∼13 GPa and temperature ∼1700 K [7] . Most crust and mantle fluids are at vapor-liquid supercritical conditions, and their properties differ fundamentally from those at ambient or near-ambient conditions, which has been shown by many recent studies [8] . For oxidized carbon dissolved in water, many geochemical models assume that CO 2 (aq) is the major carbon species, e.g., Refs [9] [10] [11] [12] , but recent studies show that carbon-containing ions, HCO − 3 and CO 2− 3 , may be more abundant than CO 2 (aq) in Earth's mantle [13, 14] .
Another possible oxidized carbon species is carbonic acid (H 2 CO 3 ) [15, 16] . At ambient conditions, dry H 2 CO 3 is very stable with a half-life as long as 180,000 years [17] , whereas in water it decomposes rapidly and its concentration is only about 0.1% of CO 2 (aq) concentration [6] ; thus, in geochemical modeling H 2 CO 3 (aq) has simply been treated as CO 2 (aq), except in a very recent model [18] . At 2.4 GPa and 553 K, Wang et al. found possible spec-troscopic evidence of H 2 CO 3 (aq), suggesting it might be an important species in aqueous CO 2 solutions under extreme conditions [19] , whereas Abramson et al. commented that the new vibrational band could be also attributed to HCO − 3 at high concentration [20] . Note that these experimental P-T conditions can only be found in the shallow or cold mantle areas. It is very challenging to experimentally detect carbon species at both high pressures (HP) and high temperatures (HT), as found in the deep mantle. In our previous theoretical work, we applied ab initio molecular dynamics simulations to study CO 2 in water at ∼11 GPa and 1000 K, and found that about 80% of dissolved carbon is HCO − 3 and 10∼20% H 2 CO 3 (aq) as a minor product [14] . The solution is very dilute with x(CO 2 ) = 0.016.
In fact, carbon-bearing fluids in deep Earth may range from water-rich to CO 2 -rich [21] .
The carbon speciation in CO 2 -rich aqueous fluids under Earth's mantle conditions is still unknown.
Here, by applying extensive ab initio molecular dynamics (AIMD) simulations, we studied the CO 2 -H 2 O mixtures at various concentrations from 3 to 11 GPa and between 1000 and 1400 K, P-T conditions similar to those in subduction zones in Earth's upper mantle. Our total simulation time exceeds 3.8 nanoseconds. We found that at ∼10 GPa and 1000 K, H 2 CO 3 (aq) can be the predominant carbon species in the aqueous CO 2 solutions. With increasing pressure along an isotherm, the mole percent of H 2 CO 3 (aq) in total dissolved carbon species increases, while with increasing temperature along an isobar, its mole percent decreases. We show the possible P-T range where H 2 CO 3 (aq) may exist. [22] , dielectric constant [23] , Raman and IR spectra, and ionic conductivity [24] , as well as the reactions of CO 2 and carbonates in HP-HT water [14] .
In Table SI , we compare the DFT pressures of CO 2 -H 2 O systems with those obtained by popular geochemical models [10, 11] and classical force-field MD simulations at various CO 2 concentrations. The force field is from Duan and Zhang's work in 2006 [10] . Since the EOS in Ref. [10] was obtained by fitting the MD simulation data using the force field and the experimental data, it is not surprising the pressures calculated by Duan and Zhang's EOS in Ref. [10] are in excellent agreement with those calculated by our MD simulations with the same force field. The EOS pressures of Ref. [10] are generally smaller than the results obtained by Zhang and Duan's EOS [11] in 2009, which was designed for C-O-H fluids in Earth's mantle. It was recently reported [25] that for CO 2 -H 2 O binary systems, the EOS in Ref. [10] performs better than the one in Ref. [11] .
In our simulations, we varied the initial mole fraction of CO 2 (aq), which is defined as
, where n(CO 2 ) and m(H 2 O) are the numbers of CO 2 and water molecules, respectively. When x(CO 2 ) is smaller than 0.1, our DFT pressures are slightly larger than those obtained by the EOS in Ref. [10] , while for x(CO 2 ) larger than 0.1, the DFT pressures become smaller. Note that in the simulations using the force field from Ref.
[10], no chemical reaction occurs between CO 2 and water, whereas in the ab initio simulations the carbon atoms may be converted from sp to sp 2 hybridization, and vice versa. . After increasing the temperature from 1000 K to 1400 K at ∼10 GPa, the HCO − 3 -CO 2 crossover happens at a lower carbon concentration with x(CO 2 ) = 0.10 ( Fig. 1(B) ). At 1400 K, the mole percent of H 2 CO 3 (aq) is about 20% when x(CO 2 ) is between 0.03 and 0.33, and does not have a clear maximum value.
Molecular geometry of H 2 CO 3
The carbonic acid molecule has one carbon atom and three oxygen atoms, which form the trigonal planar shape [26, 27] . Two hydrogen atoms, which are each bonded to an oxygen atom, appear not always in the plane of the carbon and oxygen atoms in the MD simulations. Fig. 2 shows the distribution of the two O=C-O-H dihedral angles. The H 2 CO 3 conformer with the lowest free energy is the cis-cis conformer, where the two dihedral angles are both 0
• . The conformer with the second lowest free energy is cis-trans, where the two dihedral angles are 0
• and 180
• . The trans-trans conformer, where the two dihedral angles are both 180
• , has much higher free energy than the former two. We calculated the free energy difference between the ith and jth conformer by ∆F = −k B T ln
, where k B is the Boltzmann constant and P i is the probability of the ith conformer. The free energies are calculated with respect to the cis-cis conformer. At ∼10 GPa and 1000 K, the free energy of the cis-trans conformer is 0.14 kcal/mol (0.006 eV), while the trans-trans conformer has the free energy of 1.82 kcal/mol (0.079 eV). When increasing the temperature from 1000 to 1400 K along the isobar of ∼10 GPa, the free energy of the cis-trans conformer increases to 0.19 kcal/mol (0.008 eV), while the trans-trans one increases to 2.31 kcal/mol (0.100 eV).
In the gas phase at 0 K, the free energies of the cis-trans and trans-trans conformers are 1.6 and 10.1 kcal/mol respectively [26] , much higher than the respective free energies in the aqueous solutions studied here. This may be attributed to the dielectric screening of water. The three H 2 CO 3 conformers have different electrostatic interactions. The two hydrogen atoms with partial positive charges in the trans-trans conformer are closer than in the other two conformers, so the stronger electrostatic repulsive force causes a higher energy in the trans-trans conformer. Because the dielectric screening of water weakens electrostatic interactions, we see the lower free energies for the trans-trans and cis-trans conformers in water than in the gas phase. When increasing T along an isobar, the dielectric constant of water decreases [22] , so the screening becomes weaker and the free energies become larger again.
Reaction mechanisms of H 2 CO 3 (aq)
In Fig. 3 , we analyzed how H 2 CO 3 (aq) forms and dissociates at ∼10 GPa and 1000 K.
In our AIMD simulations, ∼90% of the H 2 CO 3 (aq) formation reactions follow a two-step mechanism [28] : (i) the reaction of CO 2 (aq) with OH − or water to form HCO
and (ii) the protonation of HCO − 3 to form H 2 CO 3 (aq):
Because the solutions are acidic, it is very rare to see free OH − . In reaction (1) 
The sp 2 carbon species such as H 2 CO 3 , HCO S4 ). When the solutions are dilute, most of protons transfer to water molecules to form H 3 O + , whereas with increasing x(CO 2 ), the role of HCO − 3 or H 2 CO 3 (aq) as proton acceptors becomes more important, as shown in Fig. 3(B) . Interestingly, only 1∼3% of HCO − 3 further decompose into CO 2 (aq) (see Fig. S5 ). We found two decomposition pathways: backward reaction (1) and (2). Decomposition via backward reaction (1) is more likely to happen when x(CO 2 ) is low. With increasing x(CO 2 ), decomposition via backward reaction (2) becomes more frequent. In backward reaction (1) (4) . In the gas phase, the decomposition of H 2 CO 3 occurs via the concerted mechanism that involves the dehydroxylation of one OH − group and the deprotonation of the other OH − group simultaneously [17, 30] . Here, we found only the stepwise process through backward reactions (3), and (2) or (1). Galib and Hanna studied the decomposition mechanism of H 2 CO 3 (aq) using water clusters with varied sizes at ambient conditions, and found that the hydrogen bonding environment around the H 3 O + ion as found in bulk water leads to stepwise decomposition [31] , which indicates that at the supercritical conditions studied here there are still strong water-ion bonding interactions. When increasing the temperature from 1000 K to 1400 K at ∼10 GPa, the mole percent of H 2 CO 3 (aq) becomes smaller. The concentration of CO 2 (aq) at thermal equilibrium at 1400 K is higher than that at 1000 K when the initial CO 2 concentration is the same. As a result, the H 2 CO 3 formation reactions are less likely to happen. Big molecules or ions tend to decompose at high temperatures, so at 1400 K, 9∼10% of HCO − 3 decomposes into CO 2 (aq), almost one order of magnitude more than that at 1000 K.
Not only temperature but also pressure affects the presence of H 2 CO 3 (aq). We lowered the pressure from ∼10 GPa to ∼8.0 GPa, ∼6.1 GPa, and ∼3.8 GPa in the AIMD simulations at 1000 K and x(CO 2 ) = 0.016 (see Fig. 1(C) ). Because the solutions are dilute, H 2 CO 3 (aq)
is not the predominant carbon species, but we can estimate the formation of H 2 CO 3 (aq)
with increasing x(CO 2 ) based on the reaction mechanisms discussed above. At ∼8.0 GPa, most of the CO 2 molecules still convert into HCO − 3 , but the concentration of HCO − 3 is lower than that at ∼10 GPa; thus, with increasing x(CO 2 ), we also expect to have a significant amount of H 2 CO 3 (aq), despite a lower concentration than that at ∼10 GPa. Fig. 1(C) shows that when the pressure is lower than ∼6.3 GPa, CO 2 (aq) becomes predominant. Because CO 2 (aq) reacts slowly at low pressures, the transition pressure of ∼6.3 GPa should be an upper limit. Generally, with decreasing pressure at 1000 K, the mole percent of H 2 CO 3 (aq)
decreases.
In Fig. 5 [20] . No evidence for the formation of H 2 CO 3 (aq) below 2.4 GPa is reported experimentally, so in Fig. 5 we use 2.4 GPa and 523 K as the P-T boundary of H 2 CO 3 (aq). In Fig. 5 , we also show the P-T conditions of water in Earth's upper mantle [32] and subducting slab surfaces [33] , which largely overlap with the P-T range of the formation of H 2 CO 3 (aq). This indicates that there can be a significant amount of H 2 CO 3 (aq) in aqueous geofluids in subduction zones in the upper mantle. Dissolved CO 2 in aqueous geofluids may be gradually converted into H 2 CO 3 (aq) and HCO
with increasing depth. The sp 2 -carbon-bearing fluids may also be brought back to Earth's surface by volcanism and the CO 2 degassing would occur in shallow areas.
In the DFT calculations, we used the semilocal exchange-correlation functional PBE [34] .
It has been reported that generalized gradient approximations (GGAs) may not be able to describe doubly charged anions in water accurately at ambient conditions [35] . However, PBE performs better at HP-HT conditions than at ambient conditions, as shown in many of our previous studies [14, [22] [23] [24] . Our previous finding that CO 2 (aq) is absent at ∼11
GPa and 1000 K [14] was further extended to lower pressures and temperatures by experiment [20] , indicating that our computational method is capable to predict the properties of aqueous carbon solutions under extreme conditions. To validate our results, we compared the PBE simulations with the simulations using the hybrid functional PBE0 [14, 36] , which often gives results in better agreement with experimental ones due to the smaller charge delocalization error [37] . When we dissolved CO 2 in water (x(CO 2 ) = 0.016) at ∼11 GPa and 1000 K , we found that in both PBE and PBE0 simulations, HCO give closer results at high pressure than at ambient pressure for the equilibrium volume and dielectric constant of ice [38] , indicating that for water and ice under pressure, the dispersion interactions are not so important as those at ambient conditions. Besides, the breaking and forming of covalent bonds are little affected by weak van der Waals interactions, so the lack of dispersion interactions should not change our main results here.
The chemical reactions involving H 2 CO 3 (aq) greatly affect the acidity of aqueous carbon solutions, which may have an important impact on water-rock interactions in deep Earth [39] . It has been estimated that about half of carbon in subducting slabs or even more is brought back to Earth's surface [4] . The previous geochemical studies on the devolatilization in subduction zones considered only CO 2 (aq) as the major carbon species in water [3] . If so, the amounts of carbon removed from subducting slabs are too small to account for the large volumes of carbon found in magmas [3] . It was recently reported that significant quantities of carbonate minerals are dissolved by the infiltrating fluids, and are brought back to magmas, which may potentially balance CO 2 emissions from volcanoes [40] . However, the chemical mechanism of this dissolution process is not yet known. At HP-HT conditions, the solubilities of carbonate minerals in pure water increase, but are still not very large [13, 22] .
If we consider only molecular CO 2 in the solutions, the solubilities should become even lower [6] . Our current work suggests that the effects of pH buffering by H 2 CO 3 (aq) may play an important role in enhancing the dissolution of carbonate minerals [39] .
CONCLUSION
In conclusion, we conducted ab initio molecular dynamics simulations to study dissolved CO 2 in both water-rich and CO 2 -rich aqueous solutions from 3 to 11 GPa and at 1000 and 1400 K, P-T conditions similar to those found in subduction zones in Earth's upper mantle.
We found that H 2 CO 3 (aq), whose concentration is negligible in water at ambient conditions, is the most abundant carbon species in the aqueous CO 2 solutions at ∼10 GPa and 1000 K, when the initial mole fraction of CO 2 (aq) is between 0.14 and 0.31. With increasing pressure along an isotherm, the mole percent of H 2 CO 3 (aq) in total dissolved carbons species increases, while with increasing temperature along an isobar, its mole percent decreases.
Contrary to popular geochemical models assuming carbon mainly exists in the form of molecular CO 2 in aqueous geofluids, our study suggests that big carbon-containing molecules like H 2 CO 3 (aq) cannot be ignored under deep Earth conditions. We found significant proton transfer between H 2 CO 3 (aq) and HCO inside Earth, it may also largely exist in other water-rich planets [41] .
METHODS

Ab initio molecular dynamics (AIMD)
AIMD simulations were carried out with the Qbox code (version 1.63.8, http://qboxcode.org/) [42] in the Born-Oppenheimer approximation. We used plane wave basis sets, the PBE exchange-correlation functional [34] , and norm-conserving pseudopotentials with a kinetic energy cutoff of 85 Ry (Pseudopotential Table, http://fpmd.ucdavis.edu/potentials) [43, 44] .
In the pressure calculations, the cutoff was increased to 145 Ry. We sampled the Brillouin zone of the simulation box at the Γ point only. We used deuterium instead of hydrogen to have a larger time step (0.24 fs) for computational convenience. The temperature was controlled by the Bussi-Donadio-Parrinello thermostat (τ = 24.2 fs) [45] . The numbers of CO 2 and water molecules in simulation boxes are listed in Table SI . In MD simulations, the equilibration time is 20 ps. Each production run is between 180 and 580 ps long, as shown in Fig. S1-S3 .
We used the atomic trajectories obtained from AIMD simulations to determine the chemical form of carbon species. To determine whether a carbon atom is sp or sp 2 hybridized, we sorted the three smallest C-O distances near each carbon atom. If the difference between the second and third C-O distances is more than 0.4Å, the species was defined as CO 2 ;
otherwise, it was considered as a CO 
Classical molecular dynamics
Classical MD simulations were performed using simulation boxes containing 320∼512 molecules. We used the Gromacs package version 5.1.2 [46] . The time step is 1 fs. The force fields for CO 2 and water are from Ref. [10] . The temperature was maintained by the Bussi-Donadio-Parrinello thermostat (τ = 0.1 ps). Electrostatic interactions were calculated using the fast smooth particle-mesh Ewald method with a grid spacing of 1Å and cubic interpolation. A cutoff radius of 10Å was used for van der Waals interactions. Production runs are ∼2 ns after 1 ns equilibration. [48] . The grey shaded and hatched areas show the P-T conditions of water in Earth's upper mantle [32] and subducting slab surfaces (W1300 model) [33] , respectively. The ice VII melting line is from Ref. [49] . The CO 2 -saturated water and water-saturated CO 2 melting lines are from Ref. [50] . Dashed lines are extrapolation.
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